ABSTRACT The F-actin distribution was studied during pole cell formation in Drosophila embryos using the phalloidin derivative rhodaminyl-lysine-phallotoxin. Nuclei were also stained with 4'-6 diamidine-2-phenylindole dihydrochloride to correlate the pattern seen with the nuclear cycle. The precursors of the pole cells, the polar surface caps, were found to have an F-actin-rich cortex distinct from that of the rest of the embryo surface and an interior cytoplasm that was less intensely stained but brighter than the cytoplasm deeper in the embryo. They were found to divide once without forming true cells and then a second time when cells formed as a result of a meridional and a basal cleavage. Three distinct distributions of the cortical F-actin have been identified during these cleavages. It is concluded that the first division, which cleaves the polar caps but does not separate them from the embryo, involves very different processes from those that lead to the formation of the pole cells. A contractile-ring type of F-actin organization may not be present during the first cleavage but is suggested to occur during the second.
The mechanism of Drosophila pole cell formation is of interest to both cell and developmental biologists because the pole plasm, from which the cells are formed, is a very welldocumented case of a region of an egg that contains morphogenetic determinants. These determinants have important controlling influences over the spatial organization of the cells formed and quite possibly over the determination of their fate (for reviews see references 4, 12, 19, and 23) . Pole plasm forms as an area of cortical cytoplasm at the posterior tip of the growing oocyte. It is characterized by the presence of polar granules, small basophilic bodies 0.5-1.0 ~tm diam, of unknown significance but present in the germ cell lines of many groups. The pole cells, which are derived from this region only, have a roughly spherical shape quite distinct from the columnar morphology of the somatic blastoderm cells that make up the rest of the embryo. Once formed, they migrate to the gonads where they give rise to the germ cells.
As a first step towards understanding the controlling influences of pole plasm, it is necessary to understand how pole ceils are formed and how this process is distinct from the formation of the blastoderm cells and the somatic surface caps that are their progenitors. The caps are unusual structures. They are not true cells but surface protuberances each overlying a nucleus (6, 24) . During the syncytial blastoderm stage, they undergo four cycles of expansion and flattening followed by division and a rounding up of the daughter caps. Cell membranes then extend simultaneously between all the caps to form the single layered cellular blastoderm.
Fluorescent derivatives of the cyclic peptide phalloidin, derived from the mushroom Amanita phalloides, have proved to be specific stains for F-actin microfilaments in vitro (22, 28) . By using this technique, it is possible to visualize the Factin distribution associated with the surface caps during the syncytial and cellular blastoderm stages (25, 26) . In this paper we describe the distribution of F-actin during the formation of the progenitors of the pole cells, the polar surface caps, their divisions, and pole cell formation.
MATERIALS AND METHODS
The techniques for embryo preparation, staining, mounting, and epifluorescence microscopy have been previously described (25, 26) . To obtain embryos with precisely staged pole cells, we observed them until the correct stage was reached and then immediately pierced them with a microneedle. Staining of Factin was done with rhodaminyl-lysine-phallotoxin (RLP), ~ a chemically synAbbreviations used in this paper: DAPI, 4'-6 diamidine-2-phenylindole dihydrochloride; RLP, rhodaminyl-lysine-phallotoxin; st, stage.
thesized derivative of phalloidin (27) , at a concentration of 1 ~g/ml in PBS for 20 min at 25°C. After being washed in PBS, the nuclei were stained with 0.5 ug/ml DAPI (4'-6 diamidine-2-phenylindole dihydrochloride) and mounted as described previously. 5% (wt/vol) n-propyl gallate was added to the mounting medium to reduce photobleaching (8) . After photographing the surface caps on the sides of the embryos, we cut offthe posterior pole region with fine surgical needles. This part was then stuck on a polylysine-coated covership, pole upwards. The coverslips were prepared by immersion in a 1 mg/ml aqueous solution of poly-L-lysine (molecular weight range, 150-300,000; Sigma Chemical Co., St. Louis, MO) for 30 min and then air drying. Over 400 embryos were examined during the course of this study. Photography was done with llford XPI film (llford Ltd., ilford, Essex, England).
To check for nonspecific staining, embryos were incubated with a large excess of unlabeled phalloidin (5 mg/ml) before staining them with RLP. As seen in Fig. 9a there was no specific staining of the posterior pole or elsewhere. Only a slight increase in background fluorescence was noted, Controls, which demonstrated the blocking of phalloidin staining by F-actin but not G-actin, using both mammalian and insect actin, have been previously described (25) .
RESULTS
During stage 9 (29) small, highly folded protrusions were found in the posterior pole region above each nucleus (Figs.  1, a-c, and 9b) . Associated with these forming caps were numerous F-actin-rich microprojections and the whole surface around the caps was highly convoluted. While the caps were forming, the nuclei were in interphase. The caps were found to grow rapidly in size, forming irregular oval domes with a cortical F-actin layer in close association with the plasmalemma (Fig. 9 c) . The average number of polar caps formed (sample of 16 embryos) was approximately seven (range, three to nine).
Figs. 2, a-c, and 9d show polar caps in an early stage of the process of division. As caps entered division they were found to flatten to shallow protrusions with a slight depression in the center. At both ends the cortical layer was thrown up into many small projections that stained strongly with RLP. The region between did not stain as strongly but some microprojections were present. The cap interior stained quite positively for F-actin but less so than the cortex. In the interior a central region, comparatively depleted in F-actin, became progressively more apparent as cleavage proceeded. This region extended towards the sides of the caps and also up towards the top surface. The nuclei were in metaphase or sometimes anaphase. When in metaphase the nuclei were located in the center of the F-actin depleted region. During anaphase they moved towards the ends. Daughter caps were then found to bulge out from both ends as shallow domes each demarcated by a highly folded cortical actin layer (Figs. 3, a-c, and 9,e and f). As the new caps pushed out, a region of plasmalemma not included in the caps formed a break region between them. Beneath, the F-actin of the cap interiors rounded up under the newly demarcated cortices. The region of cleavage showed only weaker, more diffuse staining. As the final stages of cleavage were reached, there was also some loss of RLP staining within the cytoplasm of the cap interiors. This can be seen by comparing Figs. 2 b and 3 b. This reduction in staining was however significantly less than that between forming daughter caps. Quite conspicuous microprojections were present between the polar surface caps, their cores being rich in F-actin. The nuclei were in anaphase or telophase.
A second round of polar surface cap swelling then occurred. Fig. 9g shows an early stage in the process and Fig. 9h shows a later step when the caps were quite rounded and had reached their maximum height. Fig. 4 , a -c are of caps approximately the same size as those in Fig. 9 h. Two distinct domains were evident as in the previous cap generation. Underlying the plasmalemma was the brightly staining F-actin cortical layer. As before, this had an irregular texture and followed a surface thrown up into small microprojections. Beneath the cortex the cytoplasm within the caps also stained positively with RLP. At the level where the polar caps joined the embryo surface, irregular darker ovals were present surrounded by fluorescent "haloes," which represented the junctions of the cap membrane with that of the embryo surface proper. The areas of fluorescence included the basal region of the caps and the embryo plasmalemma in this region. The darker ovals marked the less strongly staining egg cytoplasm that lay below. Nuclei were in interphase from soon after the start of the (Fig. 6,a-d ) St 10 polar caps immediately prior to cleavage. Nuclei in prophase. (Fig. 7,a-d (Fig. 8, a-d 
on occasion some caps were lateral to the posterior pole and could not be counted. During the second round of polar cap swelling, the somatic caps were found to appear over the rest of the surface of the embryo. This can be noted by comparing the sides of the embryos in Fig 9, b and g. In Fig. 9 b the lateral surfaces were smooth, whereas in Fig. 9g the somatic caps were present.
Once the polar caps were fully formed they were found to flatten somewhat while enlarging further laterally (Figs. 5, ad, and 9 i) . The caps came almost to touch each other and most of the surface in the posterior pole region became occupied by caps. The nuclei were in prophase or metaphase. A change then occurred in the F-actin distribution (Figs. 6, ad, and 9j). The cortical F-actin showed somewhat increased folding at both ends. F-actin was also found to be somewhat depleted relative to the ends in the central interior cytoplasm. Distinct oval fluorescent halos were still present at the bases of the caps. By this point in the cycle the nuclei were in metaphase or anaphase. A hoop of RLP staining then became apparent midway across the surface of the polar caps and was associated with meridional cleavage (Figs. 7 a-d and 9 k) . Fig. 7 a shows the top cortical surface of such a cap in division. The cortical Factin layer extended across the surface to the center where it was pulled inwards. As can be seen, the cap surfaces rounded up during cleavage. Fig. 7 b was at a lower level of focus at the plane of the furrow base. A distinct band of RLP fluorescence was present in the region of the central furrow. Fluorescence of a similar intensity was also associated with the cortical F-actin all around the forming cells. In Fig. 7 c, a lower level of focus again is shown, that immediately below the furrow and at the level of the embryo surface. The junction between the cap and embryo was visible as a dark oval surrounded by a broad band of fluorescence. The furrow was close to the junction and about to bisect it at the end of the downward movement. It can be seen as an indistinct band across the darker oval at the base. The nuclei were in telophase or interphase.
The arrowed cell in Fig. 8, a-d shows the last stage of pole cell formation, the pinching off of the cell at its base from the embryo surface. In Fig. 8 c, a small dark circle was present at the base of this cell, visible against a bright background. The background fluorescence came from the cortical F-actin of the embryo and from the adjacent surface of the newly formed pole cells. Only under this cell was the darker cytoplasm of the embryo interior still visible. Fig. 8 , a-c also illustrates the brightly staining layer of cortical F-actin associated with the newly formed cells. 
DISCUSSION
The finding of Foe and Alberts (6) that the polar surface caps initially protrude from the surface at stage 9, one nuclear cycle ahead of those of the rest of the embryo, is confirmed here. This had not been clearly described before, although it had been noted that caps formed first at the posterior pole (9) . We also confirm that the polar surface caps go through two division cycles before being cleaved off from the embryo (6), and not one as described in earlier literature (9, 14) . No evidence was found for a second round of polar surface cap protrusion, lateral to those already formed, as described in reference 14.
Polar cap formation has a number of significant similarities with the formation of the somatic caps, which has been previously described (26) . Both types of cap appear when a nucleus moves near the plasmalemma. In both cases the plasmalemma and associated cytoplasm bulge out to form the cap. The cap membranes become associated with a distinct F-actin-rich layer over the area of the bulge. The cap interiors of both also stain more strongly with RLP as compared with the cytoplasm within the embryo. There are also several marked distinguishing structural features. The polar caps swell rather more than the somatic caps on the sides of the embryo. In life, the somatic caps are markedly compressed by the pressure of the vitelline membrane whereas the caps at the posterior pole protrude into a fluid-filled pocket (1 l). Polar cap formation is accompanied by a conspicuous array of microprojections (20, 23) , rather larger than those that occur between the surface caps elsewhere in the embryo. In neither 1014 THE JOURNAL OF CELL BIOLOGY • VOLUME 100, 1985
case have the functions of these projections yet been determined.
The very unusual modes of cleavage of the polar caps during cycle 9 and the somatic caps during cycles 10-13 (cf. reference 26) are rather similar. In both cases the caps swell out and then flatten. During the nuclear cycle, F-actin builds up on either side of a central region comparatively depleted in Factin. The nucleus is present in the center of this region until mitosis. Cleavage then occurs as the result of a bulging out of daughter caps from a shallow protrusion coupled with the appearance of a small region of unincluded plasmalemma in the central break region. Under this region of unincluded plasmalemma, the RLP staining becomes progressively reduced and comes to be identical to that of the rest of the embryo surface not associated with caps. The F-actin organization associated with each daughter progressively rounds up as the new caps form. This pattern of F-actin distribution would seem to be very different from that which occurs in regular cell cleavage during which a ring of microfilaments underlies the cleavage furrow and constriction of the ring divides the cell in two (for reviews see references 3, 17, and 18) .
At the tenth cleavage the formation of the pole cells is marked by a pattern of F-actin distribution unique to the polar caps. Fig. 10 is a schematic diagram illustrating the quite different organization of the polar caps during cleavage cycles 9 and 10. Towards the end of cycle 10, distinct hoops of RLP staining appear in the center of the polar cap surfaces and move down as the caps are cleaved. The pairs of forming pole cells are quite close together, separated only by the cleavage furrow region. This is in distinct contrast to the previous division where the daughter caps are comparatively far apart and bubble out from the ends of the old cap. As a working hypothesis, we propose that the RLP staining hoops of cycle l0 contain contractile microfilaments that shorten, thereby extending the cell membranes and causing cleavage. This kind of mechanism has already been used to explain the partial cleavage of the Loligo (l, 2), Stomatoca (16) , and Aequorea (21) eggs.
A problem with such a hypothesis is that the hoops of RLP staining are not significantly brighter or otherwise different from other regions of the cap cortex at this stage. But the cortex of forming and newly formed pole cells is rich in F- actin and it may not be possible to distinguish contractile Factin filaments in the cleavage region from those elsewhere simply on the basis of RLP fluorescence. Thus, some additional means will be required to unambiguously identify actively contracting microfilaments, e.g., myosin distribution (7). Although the mode of polar cap cleavage during cycles 9 and 10 are clearly very different, prior to this the caps in both cycles go through similar phases of swelling and subsequent flattening.
The second phase of pole cell formation occurs at right angles to the first and involves the cleavage of the cells at their bases from the embryo surface. We hypothesize that a contractile ring acts at the junction between the pole cells and the embryo surface. In this case it would form as a circle and progressively constrict the pole cell base until the cell was cleaved from the embryo. A similar mode of function has been postulated for polar lobe formation in llyanassa except that the lobe is never completely constricted off (5). This final phase is the only one reported so far where microfllaments have been identified in forming pole cells, using transmission electron microscopy (20) . However, few such studies have so far been undertaken and early-stage Drosophila embryos have proved to be difficult material in which to locate microfilaments in electron microscope work (15) .
The last question to consider is what causes the appearance of a particular distribution of F-actin associated with pole cell formation at the end of cycle 10. The comparison of the structure and F-actin distribution of polar caps and their somatic equivalents shows a number of similarities. Indeed if migration of nuclei into the pole plasm is delayed, pole cells fail to form and this area becomes incorporated into blastoderm cells (13) . The evidence suggests that polar surface caps can become converted into somatic caps. However, F-actin distribution during pole cell formation is very different from that when blastoderm cels form (25) . Pole plasm transfer into the anterior region of early-stage embryos demonstrates that the capacity to form pole cells appears during late oogenesis (10). It must therefore be concluded that cytoplasmic factors laid down during oogenesis determine the appearance and activity of precisely orientated F-actin structurds some hours later in only this region of the embryo. The means by which this long range control of cytoplasmic activity operates is at present unknown.
